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On March 11, 2011, the largest earthquake ever recorded in Japan struck off the coast of the Tohoku region of the country, and was
subsequently named the 2011 off the Paciﬁc coast of Tohoku Earthquake by the Japan Metrological Agency. The Mw 9.0 earthquake generated
strong motions that affected the island of Honshu from Tokyo Bay to the northern extent of the island, and induced a series of tsunamis that
devastated coastal communities throughout the region. Signiﬁcant aftershocks (Mw47) were experienced that further contributed to damage in
the coastal Tohoku region during emergency response and recovery efforts. This paper summarizes the ﬁndings of the Port and Airport Research
Institute (PARI) research team as it investigated coastal structures along approximately 600 km of coastline as well as the team's follow-up
experiments and analyses. Two characteristics of the ground motion observed were the long duration and the high-frequency component. For this
reason, the degree of damage caused to coastal facilities by the ground motion was relatively small. The wide-ranging investigation by the PARI
team facilitated the interpretation of damage patterns across the entire region affected by the earthquake, with a primary goal of distinguishing
damage to coastal structures resulting from strong ground shaking and secondary effects (such as liquefaction, ground failures, and settlement)
from that caused by the subsequent and signiﬁcant tsunami inundation.
& 2014 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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On March 11, 2011, the largest earthquake ever recorded
in Japan struck off the coast of the Tohoku region of the country,
and was subsequently named the 2011 off the Paciﬁc coast of
Tohoku Earthquake by the Japan Metrological Agency. The Mw
9.0 earthquake generated strong motions that affected the island of
Honshu from Tokyo Bay to the northern extent of the island, and
induced a series of tsunamis that devastated coastal communities
throughout the region. Signiﬁcant aftershocks (Mw47) were10.1016/j.sandf.2014.06.018
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g author.
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der responsibility of The Japanese Geotechnical Society.experienced that further contributed to damage in the coastal
Tohoku region during emergency response and recovery efforts.
This paper summarizes the ﬁndings of the Port and Airport
Research Institute (PARI) research team as it investigated coastal
structures along approximately 600 km of coastline. The wide-
ranging investigation by the PARI team facilitated the interpreta-
tion of damage patterns across the entire region affected by the
earthquake, with a primary goal of distinguishing damage to
coastal structures resulting from strong ground shaking and
secondary effects (such as liquefaction, ground failures, and
settlement) from that caused by subsequent and signiﬁcant tsunami
inundation.
In many cases, the condition of structures examined at the
time of our investigation showed a combination of effectsElsevier B.V. All rights reserved.
T. Sugano et al. / Soils and Foundations 54 (2014) 883–901884resulting from both the earthquake and the subsequent tsunami,
and a determination of the sequence of damage and relative
inﬂuence of seismic and tsunami loading was not possible in the
ﬁeld. These suppositions are based on the collective engineering
evaluation of the team members, tempered by ﬁrst-hand experi-
ence at coastal structures following earthquakes worldwide, and
a considerable amount of effort involved in making analyses
of case studies (forensic investigations) of many such events.
Many of the interpretations of failure modes provided in this
paper are opinions that will be reﬁned with time as more data
become available at key sites. The ﬁndings and recommendations
provided in this initial report are intended to initiate discussions
within the port engineering community, foster applied research
efforts, and ultimately lead to enhanced knowledge and best
practices.
2. Observations of strong ground motions and tsunami
caused by the 2011 off the Paciﬁc coast of Tohoku
Earthquake
2.1. Strong ground motions observed in coastal areas and
their implications
Strong ground motions caused by the 2011 off the Paciﬁc
coast of Tohoku Earthquake were observed by nationwide
strong-motion networks such as K-NET (Kinoshita, 1998) and
KiK-net (Aoi et al., 2000), as well as by Strong-Motion
Earthquake Observation in Japanese Ports (e.g., Nozu and
Wakai, 2011a). Fig. 1 shows the acceleration time histories
observed at four representative strong-motion stations along
the coast of Tohoku and Kanto district during the 2011 off the
Paciﬁc coast of Tohoku Earthquake. In the ﬁgure, Kamaishi-G,
Sendai-G, and Onahama-ji-G are stations in the Strong-MotionFig. 1. Acceleration time histories observed at the surface by four strong motio
Earthquake. EW components are shown.Earthquake Observation in Japanese Ports located at Kamaishi,
Sendai, and Onahama ports, respectively. IBR007 is a station
for K-NET. All the records were obtained at the ground
surface. As already pointed out by many researchers (e.g.,
Kurahashi and Irikura, 2011; Goto and Morikawa, 2012), the
acceleration time histories in Iwate and Miyagi Prefectures
(represented by Kamaishi-G and Sendai-G) were characterized
by “two wave packets” indicating contributions from at least
two subevents. Peak ground acceleration at Onahama-ji-G
exceeded 14 m/s2, which is the highest peak ground accelera-
tion ever recorded at Japanese ports.
To understand the effect of ground motions on structures,
it is important to pay attention to the frequency characteristics.
Fig. 2 shows Fourier spectra observed at the surface by three
strong-motion stations along the coast during the 2011 off the
Paciﬁc coast of Tohoku Earthquake (thick lines), compared
with the Fourier spectrum observed at the surface for Port
Island, Kobe city, during the 1995 Hyogo-ken Nambu earth-
quake (dotted lines). All the spectra are compositions of two
horizontal components and processed through a Parzen win-
dow with a band width of 0.05 Hz. The vertical dashed lines
indicate the frequency range from 0.3 to 1 Hz, which is closely
related to the large-scale deformation of quay walls (e.g., Nozu
et al., 2000). At Kamaishi-G and Sendai-G, the observed
ground motions during the 2011 event were much smaller than
the ground motion at Port Island during the 1995 event in
terms of frequency components around 0.3–1 Hz. Although
the observed ground motions at Onahama-ji-G were larger than
those at Kamaishi-G and Sendai-G at around 0.3–1 Hz, they
were still smaller than the Port Island record.
It is important to investigate the reason that the strong
ground motions observed at these ports did not exceed those at
Port Island for the 1995 event at around 0.3–1 Hz. Onen stations along the coast during the 2011 off the Paciﬁc coast of Tohoku
Fig. 2. Fourier spectra observed at the surface by three strong motion stations along the coast during the 2011 off the Paciﬁc coast of Tohoku Earthquake (thick
lines), compared with the Fourier spectrum observed at the surface for Port Island, Kobe City, during the 1995 Hyogo-ken Nambu earthquake (dotted lines). All the
spectra are compositions of two horizontal components and processed through a Parzen window with a band-width of 0.05 Hz.
Fig. 3. Site ampliﬁcation factors for the same strong motion stations shown in
Fig. 2. The site ampliﬁcation factors were estimated in conventional studies
(Nozu and Nagao, 2005; Nozu and Sugano, 2008).
T. Sugano et al. / Soils and Foundations 54 (2014) 883–901 885possible reason is the difference in distance from the source to
the ports. The strong-motion generation areas for the 2011
event were located along the upper boundary of the Paciﬁc
plate and, because of their depths, they are at least 50 km away
from the ports. On the other hand, the strong-motion genera-
tion areas (or the asperities) for the 1995 event were located
close to Kobe City (e.g., Kamae and Irikura, 1998). The
greater distance for the 2011 event probably led to a smaller
amplitude of strong ground motions. This distance factor
applies not only for the frequency range from 0.3 to 1 Hz,
but for all frequency ranges.
In addition to the distance factor, the source spectrum for the
2011 event might have been relatively small for a Mw 9.0
earthquake in the frequency range from 0.3 to 1 Hz. It is not
easy, however, to discuss whether the source spectrum for the
2011 event was smaller than the “average” source spectrum for a
Mw 9.0 earthquake because we do not have sufﬁcient strong-
motion records for Mw 9.0 earthquakes other than the 2011 event.
Another possible reason is the difference in site ampliﬁca-
tion factors. Fig. 3 shows the site ampliﬁcation factors for the
same strong-motion stations as in Fig. 2. The site ampliﬁcation
factors were estimated in previously published studies (Nozu
and Nagao, 2005; Nozu and Sugano, 2008). The site ampli-
ﬁcation factors for Kamaishi-G and Sendai-G are much smaller
than those for Port Island at around 0.3–1 Hz. The site
ampliﬁcation factor for Onahama-ji-G is larger than those for
Kamaishi-G and Sendai-G at around 0.3–1 Hz, but it is still
smaller than that for Port Island. These comparisons may
indicate that smaller site ampliﬁcation factors at these stations
were the main cause for the smaller Fourier spectra observed at
these stations, compared to the Port Island record.
To further ascertain the importance of site ampliﬁcation
factors, the distribution of ground motion intensities along thecoast was investigated. Among various strong motion indices,
the power spectral intensity (PSI) value (Nozu and Iai, 2001)
was selected, because it is in good agreement with the damage
of port structures. The PSI value is deﬁned as
PSI¼
Z
ðvðtÞÞ2dt
 0:5
ð1Þ
where v(t) is the velocity waveform. At the 18 strong-motion
stations shown in the left panel of Fig. 4, PSI values were
calculated from observed records on the ground surface and
Fig. 4. Locations of strong-motions station where PSI values were investigated (triangles) and subevents of the source model by Nozu (2012) (circles ﬁlled with a
cross) are shown in the left panel. The PSI values observed for the surface, the PSI values reproduced for the surface using the source model, and the PSI values
estimated for the bedrock using the source model are shown in the right panel. The PSI values are the average for two horizontal components. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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tribution is shown in the right panel of Fig. 4 as black circles.
The PSI values are moderate from Kamaishi-G through
Sendai-G, and then the value suddenly increases and exceeds
1 m/s0.5 at MYG015. The value then decreases gradually
through IBR007. It is quite important to investigate whether
the distribution is mainly controlled by the source effect or the
site effect. For this purpose, the source model proposed by
Nozu (2012) was used. The distribution of subevents for
the source model is shown in the left panel of Fig. 4. The
simulated ground motions based on the model, taking into
account the site ampliﬁcation and phase effects (Nozu and
Sugano, 2008), agree well with the observed ones all along
the coast from Iwate through to Ibaraki (Nozu, 2012).
The distribution of PSI values based on the simulated ground
motions on the ground surface (red circles in the right panel of
Fig. 4) shows good agreement with the observed ones. The
distribution of PSI values on the bedrock outcrop was
estimated using the same source model, and is indicated by
green circles in the right panel of Fig. 4. The estimated
distribution of PSI values on the bedrock outcrop is smooth, in
contrast to the distribution on the ground surface. The smallstep-like change between MYG011 and Sendai-G is due to the
difference of distance from the source, because MYG011 is
located on the Oshika Peninsula. Thus, the distribution of PSI
values on the ground surface is mainly controlled by the site
effect.
It should be noted that the distribution of strong-motion
stations is still not dense enough to capture the spatial variation
of site ampliﬁcation factors and strong ground motions. The
strong ground motions may vary more quickly than depicted in
the right panel of Fig. 4, even within one port (Nozu and
Wakai, 2011b).
2.2. Offshore tsunami observed by GPS buoys
Huge tsunami waves were generated by the Mw 9.0 earth-
quake. They were much larger than the height of the tsunami
waves used in the design of structures. The left-hand map in
Fig. 5 shows the source region, which ranges 400 km from
north to south and 200 km from east to west. The sea bottom in
the region rose and dropped, causing the initial tsunami. The
Port and Harbour Bureau of the Ministry of Land, Infrastruc-
ture, Transport and Tourism has installed a number of GPS
T. Sugano et al. / Soils and Foundations 54 (2014) 883–901 887buoys (GPS equipped buoys or GPS Wave Meters) 10–20 km
off the coast, that measured the tsunami directly (Kawai et al.,
2012). For example, a GPS wave meter 18 km off the coast of
Kamaishi at a depth of 204 m measured a 6.7 m high tsunami
from the still water level at 15:12. Another GPS wave meter
22 km off the coast of Rikuzen-Takada at a depth of 160 m
recorded a 5.7 m high tsunami at 15:14.
The measured values of the tsunami were incredible as the
height of the tsunami was estimated to be more than 10 m (2 or
3 times the offshore tsunami height) on shore if a simple
shoaling effect is taken into consideration (Kawai et al., 2012).
These GPS data are very important for disaster analysis.
For example, the incident tsunami can be estimated from the
GPS data. The right-hand map in Fig. 5 shows the equivalent
incident tsunami height at shore which is evaluated by
considering the shoaling coefﬁcient assuming perpendicular
incidence and parallel contours. The estimated tsunami height
at shore η (deﬁned here as the equivalent incident tsunami
height at shore) is evaluated by η¼ (hGηG4 )0.2 where the water
depth is hG and the GPS tsunami height is ηG. As mentioned
above the equivalent incident tsunami height at shore is about
two or three times the GPS values: 7.9 m at Kuji, 12.6 m at
Miyako, 13.3 m at Kamaishi, 11.1 m at Hirota Bay (Rikuzen-
Takada), 10.9 m at Kinkazan, and 5.7 m at Onahama.
The right-hand map in Fig. 5 shows the measured water
mark heights, which are the heights above sea level when the
tsunami arrived, and include inundation heights and run-up
heights. The data for these marks are spread signiﬁcantly. The
run-up heights exceed 15 m and the inundation heights vary
from 5 to 15 m. The equivalent incident tsunami height at the
shore agrees with the average of the measured inundation
heights which exceed 10 m in Miyagi and Iwate Prefectures.
It is well known that the height of a tsunami increases at
coastlines with a decrease in width and resonant effects, andFig. 5. Source region and GPS wave meters (left), and estimatedthat the height increases with refraction effects, while the height
decreases with sheltering effects resulting from natural islands,
artiﬁcial breakwaters, and seawalls. These are the reasons for the
wide scattering of the data measured in Fig. 5.
3. Damage to port and harbor facilities due to earthquake
motion
3.1. Overview of damage to port facilities in the Tohoku
region
Damage to port and harbor facilities resulting from the
earthquake motion is described and the causes of the damage
are discussed in this section. Fig. 6 shows the location of the
damaged ports discussed in this section. As the characteristics
of the damage are quite different between the northern and
southern disaster areas, the features and factors of each port are
described in the detail below.
3.2. Damage in the northern Tohoku region
In the ports of the northern Tohoku region, north of Miyagi
Prefecture, the damage to facilities resulting from tsunami
was remarkable, but only minor damage was caused by the
earthquake motion. Correspondingly, the earthquake motions
observed in this area were not so severe.
In Kamaishi Port, located in the southeast of Iwate
Prefecture, the damage to berths was minor. A plan view of
Kamaishi Port is shown in Fig. 7. The high seismic-resistant
berth in Suga area, which is a gravity-type quay wall with
hybrid slit caissons (Fig. 8), suffered slight damage, mostly
due to vertical deformation of the berth backﬁll. A horizontal
seismic coefﬁcient of 0.23 was employed in its design, and
construction was completed in 2007. Part of the berth subsidedincident tsunami and measured tsunami water marks (right).
high seismic resistant berth (-7.5m)
at Suga Area
berth (-11m) at Suga Area
Fig. 7. Plan view of Kamaishi Port.
Fig. 6. Location of ports discussed in Section 3.
T. Sugano et al. / Soils and Foundations 54 (2014) 883–901888by 0.1 m. A vertical gap of 10 cm occurred between the apron
and the back shoulder of the caisson as shown in Fig. 9.
However, horizontal displacement of the caisson did not occur
due to earthquake motion.
Berths that are not high seismic-resistant facilities sustained
slightly damaged similarly to the high seismic-resistant berth.
The 11-m deep berth in Suga area is a gravity-type quay wall
with hybrid caissons designed with a seismic coefﬁcient of
0.15 (Fig. 10). The damage sustained by the berth is shown in
Fig. 11. The lateral displacement of the caisson was small anda vertical gap of 10–20 cm occurred between the apron and the
back shoulder of the caisson. Likewise, the damage to a piled
pier 7.5 m deep in Suga area caused by the earthquake motion
was minor. The design horizontal seismic coefﬁcient of the
pier was 0.15. No post-earthquake unevenness was observed in
the face line of the pier, nor was there a difference in level at
the boundary with the backﬁll ground, nor were there any
signs of movement or omission of the access board.
The damage caused by earthquake motion at Ofunato Port
was similar to that of Kamaishi Port. Ofunato Port is located
in the southern coastal area of Iwate Prefecture as shown in
Fig. 6. A plan view of Ofunato Port is shown in Fig. 12. The
9 m deep wharf in the Chayamae area consists of one piled pier
type berth and one relieving platform type berth, as shown in
Fig. 13. Although the design horizontal seismic coefﬁcient of
the berths is 0.1, which is considered to be small, the berth
basically sustained no deformation and no lateral displacement,
and no unevenness of the face line was observed (Fig. 14).
3.3. Damage in the southern Tohoku region
In ports in the southern Tohoku and northern Kanto regions,
south of Miyagi Prefecture, the damage to port facilities due to
earthquake motion was more serious than in the northern Tohoku
region. The characteristics of the damage are described below.
Many quay walls suffered damage from the earthquake motion
at Onahama Port in the southern coastal area of Fukushima
prefecture. A plan view of Onahama Port is shown in Fig. 15.
Quay walls suffered damage due to horizontal displacement of
caissons or sheet piles and subsidence of the backﬁll; however,
there were differences in the degree of damage suffered by each
wharf. The quay walls at the Third Wharf Area suffered more
damage than those in other areas of Onahama Port, as shown in
Fig. 16. For example, a 10 m deep berth with steel sheet pile quay
with a design seismic coefﬁcient of 0.15 and the face line of the
quay suffered lateral displacement of about 50 cm at maximum.
The Fourth Wharf Area adjacent to Third Wharf Area suffered
minor damage; the unevenness of the quay face line was small
with cracks on the apron pavement being the only sign of damage,
as shown in Fig. 17. Onahama Port is located at the mouth of the
Fujiwara River and was constructed by reclaiming the shore of
Onahama Bay. The depth of the engineering bedrock, consisting of
siltstone and mudstone, differs depending on the location and is
about 20 m in the Third and Fourth Wharf Areas.
Although the characteristic of damage to the quay walls is
dependent on the structural and geotechnical condition of the
quay walls, the results of a ﬁeld survey and investigations into
seismic motion suggest that there is a relationship between the
scale of damage and the intensity of seismic motion. Earth-
quake motion is largely inﬂuenced by site ampliﬁcation, as
described in Section 2.2. Namely, it is considered that the site
ampliﬁcation characteristics of the earthquake motion resulted
in the larger degree of damage to the Third Wharf Area.
Fig. 18 shows microtremor H/V spectra at the Third and Fourth
Wharf Areas, compared with that at Fujiwara Wharf Area
where damage was slight. Microtremors were observed at
locations indicated by red triangles in Fig. 15. It is generally
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Fig. 8. Cross section of a high seismic-resistant berth (7.5 m deep) in the Suga Area of Kamaishi Port.
Fig. 9. Damage to a high seismic-resistant berth in the Suga Area of Kamaishi
Port: (a) evidence of a face line keeping linearity and (b) vertical gap of 10 cm
occurred between apron and back shoulder part of the caisson.
T. Sugano et al. / Soils and Foundations 54 (2014) 883–901 889considered that microtremor H/V spectrum indicate a site
ampliﬁcation property that is vibration ampliﬁcation through
subsurface layer over seismic bedrock (Nakamura, 1989). TheH/V spectrum at the Fourth Wharf Area is similar to that at the
Fujiwara Wharf Area. On the other hand, the peak frequency
of the H/V spectrum for the Third Wharf Area is lower than
for the Fujiwara Area at about 1 Hz. As a frequency range of
0.3–1 Hz of earthquake motion has a large effect on seismic
damage sustained by port facilities (Nozu and Wakai, 2011b),
it is considered that seismic motion harmful to port facilities
was easily generated at the Third Wharf Area during the 2011
off the Paciﬁc coast of Tohoku Earthquake. In such a case,
this feature of site ampliﬁcation seems to correspond to the
relatively large damage suffered by the Third Wharf Area.
In the Hitachinaka District of Ibaraki Port, which is located in
the central coastal area of Ibaraki Prefecture, quay walls suffered
damage of unevenness of face lines and subsidence of the
backﬁll ground. Many of these instances of damage were caused
by liquefaction of backﬁll soil during the earthquake. Fig. 19
shows evidence of liquefaction at the marshaling yard of a wharf
at the port. On the other hand, damage without liquefaction also
was observed. In the North Wharf Area, gravity-type quay walls
with crushed rock waste backﬁll suffered damage; caissons were
displaced laterally, and the apron surface subsided at the back-
ward shoulder of caissons as shown in Figs. 20 and 21
(Takahashi et al., 2012). Fig. 22 shows a sectional schematic
of the quay. The maximum horizontal displacement was more
than 1 m and the subsidence was also more than 1 m.
In the Hitachinaka District of Ibaraki Port, there were no signs
of boiled sand resulting from liquefaction of the surface over a
crushed rock waste backﬁll, and no liquefaction occurred there
during the earthquake. Therefore, it is seen that the crushed rock
waste effectively prevented liquefaction during the earthquake.
Subsidence was 1.7 m at maximum, which was larger than the
lateral displacement of caissons in some parts of the quay. Based
on the balance of volume on the lateral displacement and
subsidence of the rock waste backﬁll, it is considered that the
rock waste contracted in volume due to cyclic shear loading and
there is a possibility that this property enhanced the subsidence of
the backﬁll surface during the earthquake.
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Fig. 10. Cross section of a berth (11 m deep) in the Suga Area of Kamaishi Port.
Fig. 11. Damage to a berth with a water depth of 11 m in the Suga Area of
Kamaishi Port: (a) evidence of a face line keeping linearity and (b) vertical gap
of 10–20 cm occurred between apron and back shoulder part of the caisson.
berth(-9m)
atChayamaeArea
Fig. 12. Plan view of Ofunato Port.
T. Sugano et al. / Soils and Foundations 54 (2014) 883–901890Kashima Port is located in the southern coastal area of Ibaraki
Prefecture (Fig. 6) and is an artiﬁcially-excavated port, dug deep
into a sand dune between Kashimanada Sea and Lake Kitaura.
Not only is there an excavated area but there is also a reclaimed
area that had once been a lake, and there was a notable difference
to the damage to quay walls between the two areas.
The North Public Wharf of Kashima Port is included in
the excavated area shown in Fig. 23, and it suffered minor
damage, mostly due to a slight difference in level between the
concrete coping blocks and the apron pavements, as shown in
Fig. 24. The North Public wharves of Kashima Port are sheet
pile quay walls 10 m deep. No horizontal displacement of the
quay wall line was observed there.
Fig. 13. Cross sections of a berth with a water depth of 9 m in the Chayamae Area of Ofunato Port: (a) relieving platform type and (b) piled pier type.
T. Sugano et al. / Soils and Foundations 54 (2014) 883–901 891The South Public Wharf of Kashima Port is constructed in a
reclaimed and excavated area, and it suffered more damage in
the reclaimed area. The berths are both gravity-types and sheet
pile types with a water depth of 7.5–10 m. Gravity-type berths
were mostly used in the reclaimed area, while sheet pile type
berths were mainly used in excavated area in Kashima Port.
C Berth in the South Public Wharf Area is a gravity-type quay
wall with 7.5 m of water depth shown in Fig. 25, and it
suffered large damage with lateral displacement of caissonsand severe subsidence of the apron during the earthquake as
shown in Fig. 26.4. Different types of damage caused by the tsunami
4.1. General damage
The tsunami caused signiﬁcant damage in all the coastal
towns along the Paciﬁc Ocean from Hokkaido to Chiba. In
T. Sugano et al. / Soils and Foundations 54 (2014) 883–901892particular, the more than 10 m high tsunami caused various
types of damage to the coastal towns of Iwate, Miyagi, and
Fukushima Prefectures. Devastating damage due to huge
tsunami were observed in many places during the 2004 Indian
Ocean Tsunami, as well as in Aonae District of Okushiri Island
during the 1993 Hokkaido Nansei-oki Tsunami in Japan
(Murata et al., 2010). Table 1 summarizes the damage resulting
from tsunamis greater than 10 m, excluding human casualties.
The most typical damage was the complete destruction of
wooden houses. Almost all the coastal towns in the three
prefectures were ﬂattened by the tsunami.
As wooden houses are destroyed by even a 2 m high
tsunami and it is obvious that a more than 10 m high tsunami
caused fatal damage to wooden houses (Fig. 27). Some
concrete buildings collapsed even though concrete structuresFig. 14. Photograph of the 9 m deep wharf in the Chayamae Area of
Ofunato Port showing it sustained basically no damage.
Onahama Port Area
No.1 Wharf
No.2 Wharf
No.3 Wharf
No.4 Wharf
No.5-6 Wharf
No.7 Wharf
Fujiwara Wharf
Otsurugi Wharf
Onahama Port
H20-4
H20-7
H20-5 H20-6
H23-9
H23-10
H20-8
H23-3
Fig. 15. Plan view of Onahama Port. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 16. Damage to the 10 m deep Berth 3-2 in the Third Wharf Area of
Onahama Port.
Fig. 17. Minor damage at the Fourth Wharf Area of Onahama Port.
Fig. 18. Microtremor H/V spectra for Onahama Port: (a) microtremor H/V spectra at Third Wharf Area compared with Fujiwara Wharf Area and (b) microtremor
H/V spectra at Fourth Wharf Area compared with Fujiwara Wharf Area.
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Fig. 19. Liquefaction at the North Wharf Area in the Hitachinaka District of
Ibaraki Port.
Fig. 20. Subsidence of the apron of a gravity-type quay wall (14 m) in the
North Wharf Area of the Hitachinaka District of Ibaraki Port.
Fig. 21. Unevenness of caissons and a crane rail of a gravity type quay wall
(14 m) in the North Wharf Area of Hitachinaka District of Ibaraki Port.
T. Sugano et al. / Soils and Foundations 54 (2014) 883–901894are considered to be safe against tsunami (Shuto, 1992). The
impulsive force caused by the collision of breaking wave
fronts might be a reason for the collapse of concrete buildings.Cars were swept along by the tsunami everywhere, and were
found in houses and under debris (Fig. 28). Some were even
found on the roofs of concrete buildings. Fires broke out in the
debris and spread as a result of the drifting of the debris.
Spilled oil was spread by the tsunami and caused large-scale
ﬁres. Damage to railways and roads was also signiﬁcant,
including damage to bridges (i.e. Minamisanriku-Utatsu).
Sendai Airport, which is located 1.5 km from the coastal line,
was inundated and airplanes ﬂoated around on the water just as
cars did elsewhere.
It should be noted that land subsidence due to crustal
movement caused by the earthquake was from 0.5 to 1 m,
which cause a secondary inundation due to spring tides in low-
lying coastal areas such as Ishinomaki.
4.2. Damage in ports and along coasts
Various types of damage occurred in ports areas including
typical port damage as shown in the middle section of Table 1.
For example, many ships broke away from their moorings and
collided with port facilities and one was washed up on a quay
(Fig. 29). According to maritime newspaper a total of 6 large
vessels (1 at Ishinomaki, 2 at Souma, 1 at Haramachi, 1 at
Onahama and 1 at Kamaishi) ranging from 20 to 200,000 t
were stranded or caused oil spills within ports. Altogether,
31 passenger ships were severely damaged, including 2 partly
damaged according to the Tohoku-district Passenger Ship
Association. In addition, many small boats, including ﬁshing
boats, were carried far inland and it is estimated that more than
17,000 boats were damaged. The severe damage to warehouses
and factories in port industry areas created a secondary impact
on industry worldwide. The container terminals were inun-
dated with water and more than 4000 containers in Sendai Port
ﬂoated free from their foundations and 1000 of them were
washed out to sea (Fig. 30).
Scouring and deposits occurred in ports and navigation
channels. At some breakwater mouths, the scouring depth was
greater than 10 m. A great deal of debris was deposited in port
areas and removal operations had to be conducted. These
operations were started immediately after the damage and
some ports opened just one week after the earthquake, albeit
with limited quays, to contribute the recovery of neighbo-
ring areas.
It should be noted that aquaculture facilities were comple-
tely devastated and that sandy beaches and beach forests
disappeared, as in Rikuzen-Takada.
4.3. Damage to tsunami breakwaters
Tsunami breakwaters were in place in the bay mouths of
Kamaishi and Ofunato. The tsunami breakwater at Kamaishi
Bay was designed to protect the port against not only the
tsunami of the 1896 Meiji-Sanriku Earthquake but also large
storm waves. Although the 2011 tsunami was very high,
signiﬁcantly exceeding the design tsunami height, the break-
water was relatively strong and resilient as the stability design
was determined by the need to cope with large storm waves.
Fig. 22. Cross section of a gravity-type quay wall (14 m) in the North Wharf Area of Hitachinaka District of Ibaraki Port.
Fig. 23. Positional relation of the North and South Public Wharf Areas and a
reclaimed lake at Kashima Port.
Fig. 24. Minor damage at C Berth (10 m) in the North Public Wharf Area at
Kashima Port.
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Ofﬁce, the breakwater was relatively safe until the peak of the
ﬁrst tsunami wave.
Fig. 31 shows a result of a numerical simulation for the
tsunami at Kamaishi. The tsunami measured by a GPS wave
meter 18 km off the Kamaishi coast was used as the boundary
condition. The ﬁgure compares the effect of the tsunami
breakwater for two tsunami heights at a tide gauge station of
Kamaishi Port, one with and one without the breakwater. The
tsunami height is 13.7 m without the breakwater while 8 m
with the breakwater, a reduction of 60%. The measured value
at Kamaishi was around 8 m, which agrees with the calculation
for the breakwater. Thus, it can be said that the breakwater
maintained its function until the peak. However, the caissons
of the breakwater gradually sunk and slipped away from the
breakwater mound scouring by the strong current and due to
the pressure difference between the front and back walls of the
breakwater caissons (Fig. 32).
It should be noted that the tsunami breakwater at Ofunato
was designed withstand the Chilean Tsunami and that the
caissons of that breakwater shifted before the ﬁrst peak of the
tsunami.
4.4. Damage to other coastal Facilities
Many breakwaters and seawalls were also damaged by the
tsunami. For example, the north breakwater of the Hattaro district
in Hachinohe Port (Fig. 33), the marina breakwater of the
Fujiwara-Kanbayashi district in Miyako Port and the offshore
breakwater of Souma Port sustained signiﬁcant damage. How-
ever, they were designed to withstand severe storm waves and
therefore were relatively strong and resilient against the huge
tsunami. Damage to breakwaters resulting from the 1983
Nihonkai-Chubu Earthquake Tsunami (Tanimoto et al., 1983)
and the 1993 Hokkaido-Nansei-oki Earthquake and Tsunami
(Takayama et al., 1994) were limited to the inner breakwaters and
sections near the breakwater mouths. The more than 10 m high
tsunami caused extensive damage to offshore breakwaters, but
was limited to those that had a relatively small caisson width.
Fig. 25. Cross section of C Berth (7.5 m) of the South Public Wharf Area at Kashima Port.
Fig. 26. Large subsidence of the apron at C Berth (7.5 m) in the South
Public Wharf Area at Kashima Port.
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constructed to protect coastal towns from tsunami, using the
1896 Meiji-Sanriku Tsunami for the design conditions. The
more than 10 m high tsunami overtopped the tsunami defenses
and damaged them signiﬁcantly (Fig. 34). Even for huge
tsunami, the tsunami defenses should remain in place and work
to reduce the effect of the tsunami. The resilience of such
structures needs to be investigated further.
5. Failure Mechanisms of coastal structures during
earthquake motion and tsunami
Table 2 shows the major tsunami forces acting on coastal
structures and Fig. 35 shows typical failures of coastal defenses.(1) The force due to the pressure difference between the front
and back walls broke the breakwaters and seawalls. This
pressure is almost static especially when the water depth
is sufﬁcient. Uplift forces should also be taken into
consideration to verify the stability.(2) Impulsive breaking wave forces hit the seawalls. A
tsunami wave front breaks due to meeting shallow water
at the shore and then slams into seawalls. In addition, the
rapid current caused by this breaking puts dynamic wave
pressure on seawalls.(3) Drag forces due to strong current causes the scattering of
armor stones and blocks. However, comparing the very
rapid currents induced by tsunami, the damage to concrete
blocks for detached breakwaters intended to dissipate the
wave energy are limited.(4) A strong current causes scouring damage in navigation
channels around seawalls and breakwaters in addition to
beaches and rivers. Scouring is the most typical failure of
coastal structures hit by tsunami.The lessons learned from damage investigation of the 2011
off the Paciﬁc coast of Tohoku Earthquake mentioned above
show that it is necessary to consider the combination of the
earthquake motion and the tsunami wave for a structure (or
facility) after the earthquake motion because of the propaga-
tion speed differences between the earthquake motion and the
tsunami wave. Unfortunately, in the current design standard for
the combined action of earthquakes and tsunami, this is not
explicitly taken into account.
A characteristic feature of the observed ground motion is the
long duration and high frequency component as shown in
Fig. 2. For this reason, the degree of damage to coastal
facilities caused by the ground motion was rather small. The
broad coverage of this investigation facilitated the interpreta-
tion of damage patterns across the entire region affected by the
earthquake, by distinguishing coastal structure damage caused
by the strong ground shaking and secondary effects (i.e.,
liquefaction, ground failures, settlement) caused by subse-
quent, signiﬁcant tsunami inundation.
In many cases, the condition of structures examined at the
time of our investigation was a combination of the effect of
the earthquake and subsequent tsunami, and a determination of
Table 1
Damage caused by tsunami more than 10 m high.
General
Destruction and washed-away of houses
Drift and crash of cars
Fires
Destruction of tanks and oil spill
Destruction of railways, roads and bridges
Inundation of rice paddies
Ports and Coasts
Drifting and collision of ships
Destruction and inundation of port facilities
Drifting and collision of timbers and containers
Debris deposit in ports
Scouring and deposit in ports
Scouring of sandy beaches and destruction of green belts
Destruction of aquaculture facilities
Coastal Defenses
Scouring and sliding of breakwaters and quay walls
Destruction of jetties and detached breakwaters
Destruction (scouring) of dykes and seawalls
Destruction of water gates
Fig. 27. Damage caused by the more than 10 m tsunami: (a) ﬂattened wooden
houses and remaining concrete buildings (Minami-Sanriku) and (b) burnt
houses (Ishinomaki).
Fig. 28. Debris and cars piled up on a road (Kamaishi).
Fig. 29. Ship run around on a quay.
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and tsunami loading was not possible in the ﬁeld. These
suppositions are based on a collective engineering evaluation,
tempered by ﬁrst-hand experience at coastal structures follow-
ing earthquakes worldwide, and a considerable amount of
effort involved in making analyses of case studies (much in
forensic criminal investigations) of many similar events. Many
of the interpretations of failure modes provided in this report
are opinions that will be reﬁned with time as more data
become available at the key sites. The ﬁndings and recom-
mendations provided in this initial report are intended to
initiate discussions within the port engineering community,
foster applied research efforts, and ultimately lead to enhanced
knowledge and best practices.
A notable feature of damage caused by ground motion is the
issue of quay wall seaward deformation and ground subsidence
of the ground behind the quay wall. The seaward deformation
of a quay wall, which is small compared with the central part
of the amount of displacement of the quay edge, often shows
a gradual arc, as shown in Fig. 36. The amount of ground
subsidence just behind the quay wall tends to grow with the
Fig. 30. Scattered containers (Sendai Port).
Fig. 31. Calculation results for tsunami proﬁle at Suga in Kamaishi Port.
Fig. 32. Damaged caissons at Kamaishi Breakwater.
Fig. 33. Caisson that slide into the sea at Hattaro Breakwater in Hachinohe.
Fig. 34. Seawall at Ryoishi in Kamaishi.
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often becomes unusable.
Here, consideration is given to the damage sustained by the
steel sheet pile quay wall in Soma Port during the 2011 off
the Paciﬁc coast of Tohoku Earthquake as shown in Fig. 37.
It is reasonable to assume that the damage to the quay wall
occurred as a result of the action of ground motion and
subsequent tsunami. However, during post-disaster ﬁeld inves-
tigations, many traces of damage caused by ground motion
were found that cannot be separated from the action of
the tsunami. Accordingly, based on the difference between
the damage caused by the ground motion and that caused by
the tsunami, the cause of the damage will be pursued. The
difference between Figs. 36 and 37 is that, while almost
the same degree of damage occurred in both quay walls, the
entire quay wall in Fig. 36 was damaged. On the other hand, at
Soma port, damage occurred only to the corner and a roughly
30 m section of the quay wall as shown in Fig. 38, while other
sections are quite healthy. The details of the failure process at
that moment are not known, and we plan to carry out
investigations to clarify the failure process by means of
experiments and numerical analyses.6. Idea for new design concept that considers the effects of
both earthquake and tsunami
The design standard for port facilities in Japan (The
Overseas Coastal Area Development Institute of Japan,
2009) went through a major revision in 2007. The most
remarkable feature of the new design standard is that it is
completely based on the idea of “performance-based design
methodology”. At the same time, the new standard is designed
to be consistent with recent advances in engineering seismol-
ogy and earthquake engineering. According to the current
design standard, it is better to investigate and evaluate the
damage by considering both the earthquake motion and the
tsunami wave loading during the 2011 off the Paciﬁc coast of
Tohoku Earthquake so as to improve the current design
standard.
Table 2
Tsunami forces on coastal structures.
Tsunami force
Force due to the pressure difference between the front and back walls
Impulsive breaking wave force
Drag force due to strong current
Scouring due to strong current
Fig. 35. Typical Failures of Coastal Defenses.
Fig. 36. Damage to a steel sheet pile quay wall in Hakodate Port sustained
during the 1993 Hokkaido-Nansei-Oki Earthquake.
Fig. 37. Damage to a steel sheet pile quay wall in Soma Port sustained during
the 2011 Off the Paciﬁc coast of Tohoku Earthquake.
Fig. 38. Damage to the edge of a steel sheet pile quay wall in Soma Port
sustained during the 2011 Off the Paciﬁc coast of Tohoku Earthquake.
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constitutes the backbone of the new design standard. The
“objective of the facility” is at the top of the design process.
Next, the performance requirements are speciﬁed in the
ministerial ordinance to achieve the objective of the facility
in plain language so that the objective can be understood by
taxpayers. Third, the performance criteria are deﬁned to
achieve the performance requirements, using technical terms
so that these criteria can be strictly interpreted by engineers.
Finally, the performance of the facility is veriﬁed by using a
veriﬁcation method.From a geotechnical point of view, if we think of time-series
facility damage caused by an earthquake and tsunami, the
damage that will occur can be summarized as follows:(a) High response acceleration, large deformation, material
degradation such as liquefaction, and the propagation
of cracks(b) Tsunami wave force, hydraulic force of ﬂow such as drag
force, buoyancy, impact of ﬂoating objects during a
tsunami, and destabilization of the pore water pressure in
the ground during a seaward tsunami, such as a quick
drawdown phenomenon (Fig. 39 (bottom))At present, the cause of damage and the tsunami-affected
actual damage mechanism have not yet been clariﬁed. We are
conducting experimental and numerical research in order to
clarify the mechanism of damage caused by the combined
action of the earthquake and tsunami.
To establish a new design concept for coastal structures with
tenacious design against the combined action of earthquakes
T. Sugano et al. / Soils and Foundations 54 (2014) 883–901900and tsunamis, loading conditions, performance requirements,
performance criteria and veriﬁcation method are speciﬁed.
The loading conditions are summarized in Table 3, and it is
necessary to set an appropriate combination of loading condi-
tions. In the case of a tenacious breakwater, we refer to the
performance requirements listed in Table 3. In the case of theTable 3
Design concept for coastal structures as “Tenacious Design” against combined act
Action (load) Deﬁnition
Level 1 ground motion
(valuable action)
The ground motion with high probability of occurrence at th
site during the design working life.
Level 2 ground motion
(accidental action)
The largest ground motion among ground motions at the si
from scenario earthquakes
Ground motion with
the tsunami source
(accidental action)
The ground motion sources that generate tsunami
Tsunami that occurs
most frequently
(accidental action)
To consider the scale of the tsunami from socio-economic
point of view of facilities and service period, which occur
once in 10 years to a 100 years
Largest tsunami
(accidental action)
Scale of tsunami scale that occurs at the site at a frequency
about once a 1000 years to roughly a few 100 years
CAISSON hydraulic force
permeable pressure
excess pore water pressure
tsunami flow
uplift pressure
stream in void
landward tsunami
duration of overflow
amount of excavation
CAISSON
REPLACED SAND SEABED
REPLACED SAND SEABED
Quick drop down in water level
unstable of the replaced sand
due to the rise up of
excess pore water pressure
seaward tsunami
permeable pressure
excess pore water pressure
uplift pressure
stream in void
Fig. 39. Assumed destruction mechanism of a break water.largest tsunami, it is difﬁcult to interpret performance require-
ments such as “serviceable” and “repairable” in the perfor-
mance criteria, and in the current state it is also difﬁcult to
verify the design with quantitative accuracy.
Currently, we can design for cases of the most-frequently
occurring tsunami. However, for the largest tsunami case, we can
only propose a design concept. After learning the lessons from
the 1995 Hyogoken-Nambu earthquake, the concept of Level 1
and Level 2 earthquake motions was introduced, and agreement
on the idea of seismic design with two-level ground motions
took several years. Similarly, it may take a few years to agree
upon the new design concept against the combined actions of
earthquake and tsunami with consensus among stakeholders such
as designers, construction ofﬁcials, and administrators.7. Conclusion
Based on the collective ﬁndings of the above described
experiments and analyses, we have prepared the following
general summary for seismic and tsunami planning, analysis
and design, and implementation of risk-reduction measures at
coastal structures.
Many of the ground motions that occur due to the large fault
movement of Mw¼9 that have been observed show a high-
frequency band predominant, on the other hand, the 0.3–1 Hz
bandwidth component that affected the coastal structures was
weak. The degrees of damage to coastal structures was small
compared to the damage caused by the 1995 Hyogoken-Nambuions of earthquakes and tsunamis.
Objective of the facility
(performance
requirements)
Remarks
e Minor or no damage/little
or no loss of serviceability
(serviceable)
te Damage control/short-
term loss of serviceability
(repairable)
To consider in
conjunction with the
tsunami
al
s
(a) Protection of human
life and property
(b) To support socio-
economic activity
(serviceable)
Multi-faceted concept by considering the
facilities such as revetment and embankment,
and the non-structural measures
of (a) Protection of
human life
(b) Mitigation of
economic losses
(c) Secondary disaster
prevention
(d) Prompt recovery of
the facilities
Multi-faceted concept by considering the
facilities such as revetment and embankment,
and non-structural measures
T. Sugano et al. / Soils and Foundations 54 (2014) 883–901 901earthquake. However, we believe that it cannot be asserted that
the phenomenon is a typical characteristic of Mw¼9 class
earthquake, and that it is necessary to consider long-duration
and low-frequency ground motion.
PARI has concluded that large breakwaters contributed to
reduced tsunami wave heights and impeded arrival times even
at locations where the tsunami overtopped the breakwaters.
Further engineering and economic studies of the impact of
tsunami breakwaters would better quantify the effectiveness of
these structures.
The offshore GPS buoy system provided early warning of
incoming tsunami wave height. Such a system should not be
considered prohibitively expensive and should be considered
for areas of high tsunami risk.
The lessons learned from damage investigation of the 2011
off the Paciﬁc coast of Tohoku Earthquake indicate the need
to take into consideration the combination of the earthquake
motion and the tsunami wave in the design of a structure.
Unfortunately, in the current design standard, the combined
action of earthquakes and tsunami is not explicitly taken into
account.
At present, from a geotechnical point of view, a time series
for facility damage caused by an earthquake and tsunami has not
been revealed. We plan to conduct experimental and numerical
research in order to clarify the mechanism of damage caused by
the combined action of the earthquake and tsunami.
To establish the new design concept of coastal structures as
tenacious design against the combined action of earthquakes
and tsunamis, it is necessary to specify the loading conditions,
performance requirements, performance criteria and veriﬁca-
tion method. In addition, it is necessary to set an appropriate
combination of loading.References
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